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Histocompatibility-the ability of an organism to distinguish its own cells and tissue from those of another-is a universal phenomenon in the Metazoa. In vertebrates, histocompatibility is a function of the immune system controlled by a highly polymorphic major histocompatibility complex (MHC), which encodes proteins that target foreign molecules for immune cell recognition. The association of the MHC and immune function suggests an evolutionary relationship between metazoan histocompatibility and the origins of vertebrate immunity. However, the MHC of vertebrates is the only functionally characterized histocompatibility system; the mechanisms underlying this process in non-vertebrates are unknown. A primitive chordate, the ascidian Botryllus schlosseri, also undergoes a histocompatibility reaction controlled by a highly polymorphic locus. Here we describe the isolation of a candidate gene encoding an immunoglobulin superfamily member that, by itself, predicts the outcome of histocompatibility reactions. This is the first non-vertebrate histocompatibility gene described, and may provide insights into the evolution of vertebrate adaptive immunity.
Peptide presentation by the MHC is the foundation of the vertebrate adaptive immune system. Characterized by the presence of immunoglobulins, clonal B and T cells, somatic recombination, immune memory and a number of other highly specialized processes, adaptive immunity has an incredibly complex interrelated organization that is similar in form and function in all vertebrates, from sharks to humans 1 . However, as is clear by its name, the MHC was discovered because of its role in histocompatibility, and, based on this dual function, it has been long suggested that there is an evolutionary connection between histocompatibility and vertebrate immunity. Ironically, MHC-based histocompatibility is thought to be an artefact of the MHC molecules' role in the adaptive immune response coupled to their extraordinary polymorphism. Furthermore, there is no evidence of the MHC, or direct homologues of any other adaptive immune components, in more primitive extant organisms, even those as closely related as the jawless fish 1, 2 . Thus, the mechanisms underlying histocompatibility in non-vertebrates, the origins of any components of the vertebrate adaptive immune system, and the ultimate relationship of immunity and histocompatibility are completely unknown.
We are studying histocompatibility in the ascidian, B. schlosseri. A member of the chordate subphylum Urochordata, Botryllus begins life as a tadpole larva with many chordate traits, including a notochord, dorsal hollow nerve tube, and gill slits. After a 24 h motile phase, these chordate structures are lost when the tadpole settles and metamorphoses into a sessile invertebrate body plan, called an oozooid. In addition, B. schlosseri is a colonial organism, and this initial metamorphosis is followed by a recurring and highly coordinated budding process that eventually gives rise to a large colony of asexually derived genetically identical individuals, called zooids, united by a common vascular network (Fig. 1a, left panel) .
At the periphery of the colony, the vasculature stops in small protrusions called ampullae (Fig. 1a, left panel) . The ampullae are the site of a naturally occurring histocompatibility reaction initiated when two colonies asexually expand into close proximity. Once juxtaposed, ampullae of each colony will reach out and begin an interaction (Fig. 1a, left middle panel) . This will result in either fusion of the two ampullae to form a single chimaeric colony sharing a common blood supply (Fig. 1a, right middle panel) , or a rejection reaction during which the interacting ampullae are destroyed, thus preventing vascular fusion (Fig. 1a, right panel) . Fusion or rejection is governed by a single highly polymorphic locus called the FuHC (for fusion/histocompatibility) [3] [4] [5] . When two colonies share one or both FuHC alleles, they will fuse; rejection occurs if no alleles are in common. The FuHC is highly polymorphic, with most populations containing tens to hundreds of alleles [3] [4] [5] . Thus, this primitive chordate undergoes a histocompatibility reaction analogous to the vertebrate MHC-based reaction, and we aimed to uncover the molecular mechanisms underlying this process.
Positional cloning of the FuHC locus
We created conditions to raise and breed B. schlosseri in captivity, and also developed partially inbred lines homozygous for different FuHC alleles, which allowed us to take a forward genetic approach to identify the FuHC locus [6] [7] [8] . As described previously 8 , mapping populations were created using FuHC-defined individuals as parents, the FuHC locus was mapped using a combination of amplified fragment length polymorphism (AFLP) and bulk segregant analysis (Fig. 1b) , and a genomic walk was initiated from the linked markers using both bacterial artificial chromosome (BAC) and Fosmid genomic libraries. The physical map consisted of three contigs spanning 1.3 megabases (Mb), with one chromosomal breakpoint crossed (data not shown). Over 1 Mb of the minimal tiling path has been sequenced.
The strategy for identifying candidate FuHC gene(s) was based on the extraordinary polymorphism of the locus. Predicted genes from the genomic sequence were analysed for expression using polymerase chain reaction with reverse transcription (RT-PCR), then compared to those from the genomic clones. The genomic (BAC and Fosmid) and complementary DNA libraries were made from FuHC-defined, but non-histocompatible, individuals; thus, we could concurrently survey for both expression and polymorphism of these cDNA sequences. The FuHC gene(s) would be expected to have polymorphisms with the following three characteristics: (1) absolute correlation with defined histocompatibility alleles in a fusion assay; (2) cosegregation with the same alleles in a defined cross; and, (3) extraordinary polymorphisms in colonies isolated from the wild. Finally, expression patterns should correlate spatially with the functional aspects of histocompatibility.
Isolation and characterization of a candidate FuHC gene A Genscan (ref. 9) analysis of a sequenced contig consisting of two overlapping Fosmid clones (F531d19 and F557i23; both segregated without recombination with the FuHC; Fig. 1c ) predicted a gene model encoding a transmembrane protein with an extracellular immunoglobulin domain. A full-length cDNA was isolated by rapid amplification of cDNA ends (RACE), which was 3.2 kb in length, predicting an open reading frame encoding a protein of 1007 amino acids in length, and was highly polymorphic. The candidate FuHC (cFuHC) gene encoded a type I transmembrane protein with the majority of the protein (852 amino acid residues) being extracellular, followed by a transmembrane domain and an intracellular tail of 128 amino acid residues in length.
The domain structure of the cFuHC protein is shown in Fig. 1d .
The amino terminus begins with a signal sequence, followed by an extracellular epidermal growth factor (EGF) repeat, two tandem immunoglobulin domains, and the transmembrane domain and intracellular tail. BLAST searches showed that the EGF repeat has homology to Notch and Tenascin at E values of 5 £ 10 25 . The region encompassing the two immunoglobulin domains is homologous to Immunoglobulin superfamily member 4D (IGSF4D)/nectin-like 3 (NECL3) from a variety of vertebrate species (E ¼ 7 £ 10 210 ), with highest homology to chicken. No direct homologue was identified in other sequenced ascidian genomes. Three-dimensional modelling using a position-specific scoring matrix for protein fold recognition (3D-PSSM; http://www.sbg.bio.ic.ac.uk/,3dpssm/) suggested that the immunoglobulin domains have highest homology to the poliovirus receptor, CD155. Conserved domain searches suggest that the first immunoglobulin domain is potentially a variable, or more ancient, intermediate-type domain, and that the second is closest to a C2-type domain but is divergent and may not be easily classifiable ( Supplementary Fig. 1 , outlined in red). These analyses depend on the presence of conserved residues throughout the domain and conserved spacing between these residues 10 , however, without structural data, the true configuration remains unknown. The genomic structure of each immunoglobulin domain is also different: the first domain is encoded in three exons, while two exons code for the second domain. The intracellular tail has several , where the histocompatibility reaction takes place. When two colonies grow close together, the ampullae reach out and interact (left middle panel), and this will result in one of two outcomes: either the two ampullae will fuse (right middle panel, arrows), allowing the circulation of the two colonies to interconnect, or they will reject each other (right panel). Rejection is a localized inflammatory reaction where blood cells leak from the ampullae and begin killing each other, resulting in dark spots called points of rejection (right panel, arrows) owing to melanization during the reaction. Histocompatibility takes ,24 h to occur and is controlled by a single highly polymorphic locus called the FuHC (for fusion/histocompatibility). Colonies will fuse if they share one or both alleles, and will reject if no alleles are shared. b, Genetic map of the FuHC region from one backcross population. Genetic markers (AFLPs) are represented by a letter and number. In one F 2 cross (Table 1, potential phosphorylation sites, but it is unknown whether these are functional.
The cFuHC gene spans 33 kb and consists of 31 exons (Supplementary Fig. 1 ). In addition to the transmembrane form of the protein, which is encoded by 27 exons, there are two alternative splice variants of the cFuHC gene ( Supplementary Fig. 1, bottom) . First, a shorter secreted form of the protein is created by an alternative splicing event which adds three new exons after exon 14 (exons 15-17; Fig. 1d and Supplementary Fig. 1 ). These exons, physically located between exons 14 and 18, encode another putative lowhomology EGF domain, followed by stop codons in all three reading frames and approximately 300 base pairs (bp) of 3 0 untranslated sequence (3 0 -UTR). The predicted secreted form does not include the immunoglobulin domains, and, as discussed below, is expressed both in the tadpole and in adult colonies. Second, there is a rare splice variant in the cytoplasmic domain which has been observed in 5% of the sequences covering the region. This is due to the presence of an extra 113-bp exon which is physically located between exons 29 and 31 of the full-length clone (exon 30; Fig. 1d and Supplementary Fig. 1 ) but is normally spliced out. When present, this exon encodes a new shorter cytoplasmic domain, and the exon ends in a stop codon. Exon 31 is still present in this alternatively spliced form, but is now included in the 3 0 -UTR. The shorter cytoplasmic domain adds no known motifs, and removes the predicted phosphorylation sites encoded in exon 29. This form has also been identified in both the tadpole and adult. Finally, there are also three additional splice variants with combinations of exons 15 and 16 that contain the rest of the transmembrane form of the gene (exons 18-31). However, these variants do not form open reading frames owing to frameshifts between exon boundaries when these extra exons are present in any combination. These may be non-functional transcripts made during splicing of the secreted form of the protein.
Genetics of cFuHC
To analyse segregation of the cFuHC gene, we used a fragment amplified between the exons encoding the two immunoglobulin domains, which contained parts of exons 18 and 19 and a small (250 bp) intron. As described in the Methods, this fragment was highly polymorphic, and included multiple substitutions and insertions/deletions. These polymorphisms segregated absolutely with histocompatibility (as assayed by fusion/rejection analysis or genetic mapping) for all individuals in our mapping crosses (Table 1 ). In addition, we correlated cFuHC polymorphisms with a number of individuals from multiple generations of our main FuHC AB £ AB partially inbred lines from the last 16 years. In all cases, correlation of cFuHC polymorphisms with phenotypic and/or genetic FuHC typing was absolute.
To correlate cFuHC polymorphism with functional histocompatibility, wild-type colonies were grown in the laboratory and assayed for phenotypic fusion/rejection. We identified five robust pairs of fusing and five pairs of rejecting genotypes, including one pair of siblings which rejected each other, in addition to two pairs of fusing colonies from different geographic locations. Full-length or extracellular polymorphic regions of the cFuHC were cloned from naive subclones of each individual and compared among genotypes. In all cases, the alleles identified by sequencing correctly predicted the outcome of histocompatibility reactions (Table 2) . Thus far, we have not identified fusing genotypes that do not share an identical allele, or rejecting genotypes that do share an allele. The cFuHC polymorphisms predict the outcome of histocompatibility reactions by themselves.
These experiments also confirmed that the cFuHC is a single locus. Segregation analysis shown in Table 1 revealed no aberrant banding patterns, and the experiments shown in Table 2 on wild-type individuals never revealed more than two alleles/genotype. In addition, screening of the entire 13-fold coverage genomic library revealed only known alleles, which was confirmed by Southern blotting (data not shown).
Polymorphism and expression of cFuHC
To analyse the overall rate of polymorphism in wild-type colonies, we sequenced full-length clones from 10 wild-type individuals collected from around the Monterey Bay area. This resulted in the isolation of 18 cFuHC alleles; each individual was heterozygous. At the nucleotide level, any two alleles diverged by an average of 4% of the nucleotides. Amino acid polymorphisms in the cFuHC protein are illustrated in Fig. 2 . While the alleles are quite divergent (Fig. 2a) , the polymorphisms are spread throughout the protein, with no obvious highly variable regions (Fig. 2b) . As shown, the majority of divergence is overlayed with a graphical representation of amino acid variability along the protein (top). The same 18 wild-type alleles used in a were aligned, and the variability is defined as the ratio of the number of different amino acids to the frequency of the most common amino acid at each position. The secreted exons and new carboxyl-terminus tail exons are also shown (underlined). There are no hypervariable regions, and the majority of the variability (that is, the shorter vertical lines) consists of single amino acid changes spread throughout the ectodomain. between any two alleles is single amino acid changes located throughout the extracellular domain (Fig. 2b) . The final criterion for a candidate histocompatibility protein is the correct expression pattern. The FuHC gene would be expected to show expression at sites of histocompatibility in the adult, and there must also be expression in the larva; histocompatibility is functional in the oozooid, thus the effector systems must be undergoing education processes in the tadpole before metamorphosis to be able to distinguish between FuHC alleles (discussed below). RT-PCR on cDNA isolated from different tissues (Fig. 3a) revealed that both membrane-bound and secreted forms of the FuHC are expressed in the adult in both ampullae and blood, and also in the tadpole. In addition, the cFuHC does not appear to be expressed in germline tissue using this or other techniques. This corroborates previous results suggesting that the FuHC does not appear to be involved in fertilization 11, 12 . Expression patterns were also visualized by in situ hybridization (Fig. 3b-i) . In the oozooid, strong cFuHC expression is seen in the epithelia of the ampullae, as well as in a subset of blood cells. Expression in the tadpole is restricted to a region at the anterior end of the larvae, outlining the nascent ampullae. Expression in isolated ripe eggs is not seen. In summary, the cFuHC is expressed strongly in tissues intimately associated with histocompatibility.
Discussion
We have isolated and characterized a highly polymorphic candidate fusion/histocompatibility (cFuHC) gene from the primitive chordate Botryllus schlosseri, which encodes an immunoglobulin superfamily member. The cFuHC segregates absolutely with histocompatibility in all mapping crosses, by itself predicts the outcome of interactions between wild-type colonies, and is expressed in tissues directly associated with the natural transplantation reaction: by every criterion this candidate is directly responsible for controlling histocompatibility.
Other genes with these characteristics have not been identified in the FuHC locus, and, together with the additional data presented here, this is strong evidence that the cFuHC is the first metazoan histocompatibility ligand identified outside of the vertebrate lineage.
The ability to discriminate between multiple ligands is the universal principle shared by immunity and histocompatibility, leading Burnet to hypothesize that the origins of the most complex recognition system in the Metazoa, the vertebrate adaptive immune system, would be found in the histocompatibility systems of more primitive organisms 13 . Does the identification of the cFuHC in a primitive chordate confirm this hypothesis? As a type I transmembrane protein with multiple extracellular immunoglobulin domains, the cFuHC is certainly structurally similar to the vertebrate MHC. However, it is clearly not a direct homologue; for example, the immunoglobulin domains do not correspond to the C1 type found in the MHC. Alternatively, it has been suggested that vertebrate genes with more ancient immunoglobulin domains, like human IGSF4 (with which the cFuHC has high homology), may be descendents of the first antigen receptors 2, 14 . This is also based on observations of the . Both primer sets straddle a large intron, preventing amplification from genomic DNA, b-i, Localization of cFuHC expression by in situ hybridization in eggs, tadpoles and oozooids (described in the Methods). Panels b, d and g are sense controls. Eggs (c) were isolated immediately before fertilization but showed no cFuHC expression when compared with controls. In the tadpole, expression was restricted to the anterior of the larvae, and outlines the nascent ampullae (e, arrows). A larvae in the middle of metamorphosis (f) showed strong expression at the tips of the extending ampullae (arrows). Expression in the adult body was seen in the epithelia of the ampullae (h). A close-up of the ampullae is shown in i, with expression seen in both a subset of blood cells and the epithelium of the ampullae and blood vessel. Light blue staining is Vector Blue, dark purple is BCIP/NBT. The punctate light blue staining seen in b-e is a result of Vector Blue precipitation, which often occurs during colour development.
organization of these genes in mammalian genomes 2 , which may also be shared with the FuHC (data not shown). Further structural and genetic analysis of the cFuHC may help elucidate the evolutionary origins of the different immunoglobulin domains, and ultimately the molecules in adaptive immunity.
From a functional standpoint, there is another possible relationship between histocompatibility in Botryllus and the origins of vertebrate immunity. In Botryllus, individuals sharing only a single allele are compatible. It seems unlikely that hundreds of FuHC alleles could evolve to clearly distinguish themselves through only homotypic interactions, suggesting that the effector systems in Botryllus work by missing-self recognition, a strategy first identified in vertebrate natural killer (NK) cells 15 . We hypothesize that a population of effector cells are educated to both FuHC alleles, and that recognition of just one allele blocks a default rejection reaction. Histocompatibility in Botryllus evolutionarily links an innate function of vertebrate NK cells, scanning for altered MHC expression, to a highly polymorphic immunoglobulin superfamily ligand. Thus, missingself recognition and natural killing effector systems may have originated in histocompatibility systems of non-vertebrates. In fact, the genome of the related ascidian Ciona intestinalis contains a number of genes highly homologous to those involved in natural killing in the vertebrates 16 . A principal goal of future research will be to identify the cells, molecules and mechanisms underlying the function and education of this effector system. Notably, we have already found what appears to be a putative polymorphic receptor encoded within 200 kb of the cFuHC. However, these polymorphisms play no role in histocompatibility outcomes (S.V.N., E. Passegue, I.L.W., W.B.L., A. Voskoboynik, K.M. and A.W.D., manuscript in preparation).
Vertebrate MHC-based histocompatibility is thought to be an unintended consequence of peptide presentation and polymorphism, but histocompatibility and, more importantly, extraordinary polymorphism have a well-defined function in B. schlosseri. After compatible colonies fuse, blood-borne germline or totipotent stem cells transfer between colonies and have the ability to expand and differentiate in the newly arising, asexually derived individuals of the vascular partner. This can often result in a situation where only one of the genotypes is represented in the gametic output of the fused individuals, a situation that can remain constant for life [17] [18] [19] . FuHC polymorphism functions to restrict vascular fusion, and the possibility of this germline parasitism, to kin. This stem cell parasitism is thought to be widespread, and may be the selective force driving the evolution of polymorphic histocompatibility systems in other phyla 20, 21 . Moreover, this movement of stem cells in Botryllus is reminiscent of the transfer of haematopoietic stem cells between fetal mammals sharing a common placenta, the basis of natural tolerance 22 . These same studies did not identify germline chimaeras despite the fact that mammalian germline precursors are also migratory during development 22, 23 . Thus, it may be that histocompatibility is still one function of vertebrate immunity, providing both a historical origin and a contemporary selective force to explain extraordinary MHC polymorphism. Alternatively, the FuHC may represent an undiscovered immunoglobulin-based system of allorecognition that still exists in the vertebrates; for example, NK cells have recently been found to interact with a non-MHC ligand through missing-self recognition 24, 25 . Furthermore, CD155 (a nectin family member with which the cFuHC shares structural homology) is a ligand for the NK activating receptor CD226 (ref. 26) . In any case, the cFuHC is the first non-vertebrate histocompatibility ligand to be identified, and as an immunoglobulin superfamily member provides the first structural link between invertebrate histocompatibility and vertebrate adaptive immunity.
METHODS
Mariculture and collection of B. schlosseri. Conditions for raising and crossing B. schlosseri in the laboratory, and techniques for assaying phenotypic histocompatibility, have been comprehensively described elsewhere 6, 8 . For fusing or rejecting pair analysis, pregnant colonies were collected from the wild, and then hatched and reared in the laboratory. One naive subclone was removed and DNA and RNA isolated; another subclone was used in a fusion/rejection assay [3] [4] [5] . Animals are named according to their collection site. Those starting with a number are from the Monterey Marina, California; other collection sites are Half Moon Bay (HM), Santa Cruz (SC), and Moss Landing (ML), California. This is followed by a lowercase letter which indicates an F 1 individual; thus, individuals 1960b and 1960c are progeny from the same wild-type colony. Isolation and analysis of a candidate FuHC gene. Genetic and physical mapping of the FuHC locus, sequencing, DNA and RNA isolation, and cDNA synthesis have been comprehensively described elsewhere 6, 8 . Enzymes were from NEB. All chemicals were purchased from Fisher. Oligonucleotides were synthesized by Operon. Kits were used for specific processes as described below. BAC and Fosmid sequences were analysed using BLAST (ref. 0 -TACTATTGAGTGTATGAACGGT GATGT-3 0 ; antisense, 5 0 -TTCTATCGCCCCTATATAGTTTTGTAA-3 0 . These same primers were used to isolate the entire gene by RACE. The entire gene was amplified with the following primers: the sense primer, 5 0 -AACGATG AATGGGTTCGCGATTTTC-3 0 (encompassing the start codon); and one of two antisense primers for either the secreted form, 5 0 -TCGTTATGCTGTATT CATTCAA-3 0 , or the membrane-bound form, 5 0 -AAGCTTCTTTCAGAGC TACTATCTTCA-3 0 (each located near the respective stop codons of each form of the messenger RNA). For the membrane-bound form, we usually amplified in two overlapping ,1.5 kb fragments from primers designed over the exon 14-exon 18 junction. The forward primer was 5 0 -TACGTTGATTGG AACTGTCGACTTGAAGTA-3 0 for amplifying the 3 0 end, and the reverse primer was 5 0 -TACTTCAAGTCGACAGTTCCAATCAACGTA-3 0 for amplifying the 5 0 end, used in conjunction with the primers described above. This second strategy was used as there are a number of alternative splice variants that encode non-functional transcripts in exons 15-17. None of these variants form open reading frames, owing to frameshifts in the exon splice boundaries (data not shown). As these are near the secreted alternative splice site (after exon 16), we hypothesize that they are non-functional transcripts made during mRNA processing. Segregation and expression analysis. The majority of segregation analysis was done using STS 1 (described above) as the forward and reverse primers were each on different exons and split by a small (250 bp) intron. This intron was highly polymorphic, and the nature of these polymorphisms allowed a PCR-restriction fragment length polymorphism (PCR-RFLP)-based approach to distinguish between all of the FuHC alleles in our mapping populations. The FuHC A, B and Y alleles could be differentiated by EcoRI, HindIII and HincII polymorphisms, and these techniques have been previously described 8 . Segregation was confirmed by sequencing the entire clone from recombinant individuals in each cross (data not shown). To detect expression by RT-PCR, we used STS 1 and 2, as well as two other primer sets tailored for the membrane-bound or secreted form. * Individuals were placed together and fusion or rejection visibly observed. Instances where unrelated colonies underwent fusion owing to a shared cFuHC allele, or where related colonies underwent rejection owing to no shared alleles, are shown in bold. †FuHC alleles were genotyped from naive subclones and compared (described in the Methods).
‡ Zygosity at the cFuHC locus is shown (het, heterozygous).
